Abstract We investigated the ability of rats to recall sequences of nose-poke holes with a modified serial reaction time task. In each trial, a sequence was randomly selected and the position of the first illuminated hole, which functioned as a cue stimulus, informed the rats whether the following sequence was a predictable one or not, based on prior training. The rats responded predictively only when the cues of the predictable sequences were presented. They did not show predictive responses when the cues of unpredictable sequences were presented, even though the unpredictable sequences partially had the same order of holes as the predictable sequences. These results indicate that the rats can recall sequences on the basis of presentation of the first cue stimulus informing predictable or unpredictable sequences. Recording neuronal activity while rats perform this behavioral task would be useful to elucidate neuronal mechanisms that mediate sequence recall.
Introduction
Sequence learning is critical for our ability to modulate our daily behavior in an efficient and adaptive manner. It is also important that we are able to recall a specific sequence in its entirety when we come across a part of it. In this case, the part functions as a cue to the rest of the sequence. Such recall of sequences on the basis of cues can manifest in predictive behaviors.
Sequence learning can be broadly classified into learning sequences of stimuli and learning motor sequences. Tasks requiring subjects to learn sequences of stimuli have been used to study the role of the hippocampal memory system in sequence learning in humans (Ross et al. 2009 ), rats Kesner et al. 2002; Manns et al. 2007 ) and mice, (Devito and Eichenbaum 2011) and in sequence discrimination in humans (Kumaran and Maguire 2006) and rats Ginther et al. 2011) . Meanwhile, the serial reaction time task (SRTT) was developed to study motor sequence learning (Nissen and Bullemer 1987) and studies using SRTT suggest a role for the striatum-based memory system in the sequence learning and predictive behaviors observed in this task in humans (Grafton et al. 1995; Rauch et al. 1997 ) and rats (Christie and DalrympleAlford 2004) . Moreover, the serial implicit learning task (SILT) (Jay and Dunnett 2007 ) and extended sequence learning task (ESLeT) (Dunnett et al. 2012 ) also suggest striatum contribution to motor sequence learning. Some studies using SRT tasks, however, have also shown hippocampal contribution to the learning of higher order sequences, wherein successive stimuli could be predicted only from multiple preceding stimuli, in humans (Schendan et al. 2003) and rats (Ergorul and Eichenbaum 2006) .
However, these previous studies mainly focused on sequence learning including discrimination learning of sequences rather than recall of learned sequences. Furthermore, though the tasks with sequences of olfactory stimuli are suitable to study episodic memory in rats and mice because subjects can learn a sequence of odors in one or a few trials Kesner et al. 2002; Manns et al. 2007 ), these tasks cannot be used to investigate the neuronal mechanisms that regulate sequence recall and predictive behaviors as they require subjects to choose stimuli presented earlier in sampling phases but do not require them to employ predictive behaviors based on sequence recall. Therefore, it is not clear yet whether rats can perform predictive behaviors that are contingent on their recall of sequences when they come across a part of them. Human fMRI studies have reported increased activity in the hippocampus during the recall of learned sequences (Lehn et al. 2009; Ross et al. 2009 ). However, it is necessary to test the ability of rats to recall a sequence upon being presented with a part of the sequence in order to investigate the neuronal mechanisms of information processing of sequences.
In the present study, we investigate whether rats can anticipate future events and respond with predictive behaviors when they come across a part of a learned sequence of events but not when they are presented with a part of an unlearned sequence. For that, we used a behavioral task, a cued serial reaction time task (cSRTT), which was modified SRTT or ESLeT (Dunnett et al. 2012) , to investigate memory recall of sequences of holes based on cue presentation and analyzed the reaction times of the rats' behavior in response to sequences of holes.
Materials and methods
A total of five male Wistar albino rats (Shimizu laboratory supplies, Kyoto, Japan) were used in this study. These rats were approximately 12 months of age and weighed between 520 and 560 g at the beginning of the experiment. They were individually housed with a 13-h/11-h light/dark cycle. Cage dimensions were 250 (long) 9 150 (wide) 9 240 (high) mm. Lights were kept on from 8:00 a.m. to 9:00 p.m. All behavioral training was conducted during the light phase of the cycle. All rats were fed lab chow between 1 and 3 h after their daily sessions to maintain their body weight at [80 % of their free-feeding weight. Water was freely available in their home cages. All procedures were in accordance with the Kyoto University Animal Research Committee guidelines.
Behavioral training took place in an operant chamber [330 (long) 9 300 (wide) 9 455 (high) mm] placed in a shield box (Japan Shield Enclosure, Osaka). Five nosepoke holes (15 mm in diameter) were horizontally arranged (40 mm from center to center), 55 mm above the floor on a side wall. Each hole was equipped with an infrared sensor to detect nose-pokes and also contained a lightemitting diode (LED). Another LED and a speaker for the buzzer were located on the upper wall. An automatic dispenser installed outside the chamber delivered a 25 mg food pellet to a magazine that was located 20 mm above the floor and 25 mm below the center hole. The behavioral task was controlled using a PC-9821 (NEC, Tokyo).
In cSRTT, the rats were required to produce three successive nose-poke responses, each of which required them to hold their nose in an illuminated hole for 2 s before moving to the next illuminated hole in the sequence, to get a reward (Fig. 1) . The five holes were numbered 1-5 from left to right. The illumination sequences of 2-4-1 and 4-2-5 were fixed and defined as predictable sequences because the rats could predict the exact position of the next illuminated hole when either hole 2 or hole 4 was presented as the first illuminated hole by training in the repetition session. In the repetition session, these 2 predictable sequences of holes were repeatedly presented every ten trials. For example, the predictable sequence 2-4-1 was repeated for ten trials, then the predictable sequence 4-2-5 was repeated for ten trials, then the predictable sequence 2-4-1 was repeated for ten trials again, and so forth. The rats were trained by repetition session using a criterion of C80 % correct trials in a session. All rats but rat 16 reached the criterion in only one session (rat 16 needed four sessions). Then, the rats were tested on their ability to recall the learned sequences in the mixed session. In the mixed session, one predictable or one unpredictable sequence was presented pseudo-randomly in each trial, without repetition. Ten sequences beginning from hole 3 (3-1-2, 3-1-4, 3-2-1, 3-2-4, 3-2-5, 3-4-1, 3-4-2, 3-4-5, 3-5-2, 3-5-4) were defined as unpredictable sequences because the rats could not predict the exact position of the next illuminated hole when hole 3 was presented as the first illuminated hole. Subsequently, the repetition and mixed sessions were alternately conducted. The total numbers of repetition and mixed sessions for each rat were as follows (repetition/ mixed), rat 1: 55 sessions/54 sessions, rat 3: 58 sessions/57 sessions, rat 16: 57 sessions/54 sessions, rat 23: 26 sessions/25 sessions, rat 24: 16 sessions/15 sessions. Learning curves were shown in Supplemental material. The intertrial interval was 5 s in both repetition and mixed sessions. The number of trials in a session used in the analysis was 80-160 and differed for each rat.
The reaction times (RTs) were defined as RT1, the elapsed time between the end of the first response and the beginning of the second response, and RT2, the elapsed time between the end of the second response and the beginning of the third response. If a nose-poke response was made to one of the non-illuminated holes, it was considered an error (ER). Cases when the rat did not respond to the next illuminated hole within the 2 s time limit or when it removed its nose from the illuminated hole before 2 s had elapsed were defined as time error (TER) and hold error (HER), respectively. These errors led to the switching off of both the illuminated hole and the LED on the wall, and a 1 s buzzer noise was generated, following which no reward was given and the same trial was repeated (a correction trial).
We analyzed data that had both C80 trials and C80 % correct ratios in each session. We combined the RTs from the last three or five repetition sessions (five sessions were combined for rats 1, 3, and 16 because their mean trial numbers were not as high as those of rats 23 and 24; see Supplemental methods) and from the last ten mixed sessions. We analyzed the RTs using ex-Gaussian distribution, which is known to provide a good fit for the RT distribution (Dawson 1988; Heathcote et al. 1991) . The ex-Gaussian distribution is defined by the following equation-probability density function:
where l and r correspond to the mean and the standard deviation (SD) of the Gaussian component, respectively, and s corresponds to both the mean and the SD of the exponential component (Heathcote et al. 1991) . The bestfitting ex-Gaussian parameters were estimated using maximum likelihood estimation. In addition, we averaged RT1 and RT2 using the Vincent averaging method (Ratcliff 1979) . The predictable sequences in the repetition session (Rep), the predictable sequences in the mixed session (Mix-P), and the unpredictable sequences in the mixed session (Mix-U) were defined as sequence conditions. Note that we analyzed RTs in the Mix-U that were the same distances between holes as predictable sequences. For each rat, the Vincent histograms of RT1 (Rep: 2-4/4-2, Mix-P: 2-4/4-2, Mix-U: 3-1/3-5; note that RTs for only 3-5 of Mix-U was used in three rats because the animals exhibited a position bias (see Supplemental methods), and RT2 (Rep: 4-1/2-5, Mix-P: 4-1/2-5, Mix-U: 1-4/2-5/4-1/5-2) for each sequence condition were constructed (see Supplemental methods). The ex-Gaussian distribution was fitted to the Vincent histograms for estimating the ex-Gaussian parameters. In addition, means and SDs of the RTs that were used to construct Vincent histograms were calculated.
Sequences 2-4, 4-2, 2-5, and 4-1 of the latter half of the unpredictable sequences (3-2-4, 3-4-2, 3-2-5, and 3-4-1) were defined as Overlap-U because they had partially the same holes as the predictable sequences. RTs in the Overlap-U were averaged over subjects by Vincent averaging because the number of RTs in the Overlap-U was not adequate to analyze the distributions for each rat. In addition, we analyzed the percents of errors, TER and HER in the predictable and unpredictable sequences of holes in the mixed sessions. For example, the percent of errors on predictable sequences for each rat was obtained by dividing the total number of errors on predictable trials across sessions by the total number of predictable trials across sessions.
Results
The ex-Gaussian parameters for the RTs in each sequence condition (Rep, Mix-P, and Mix-U) were compared to Fig. 1 Schematic of the cSRTT. An example of a sequence of holes (predictable sequence 2-4-1) is shown. First, one of the five holes and the LED on the wall were illuminated. The rat made a nose-poke response to the illuminated hole, which switched off both the illumination in the hole and the LED on the wall, and held its nose in the hole for 2 s (the first response). After nose-poking for 2 s, both the LEDs of the hole and on the wall were illuminated again. When the rat removed its nose from the hole, the illuminated hole was switched off and the other hole was illuminated. The rat again responded to the illuminated hole within 2 s and held its nose in the hole for 2 s (the second response). After the rat removed its nose from the hole, the illuminated hole was switched off and a third hole, different from the already illuminated holes, was illuminated. The rat then responded to the illuminated hole within 2 s and held its nose in the hole for 2 s (the third response) as before and was rewarded. A trial would end when the rat was either rewarded or when it made an incorrect response Cogn Neurodyn (2014) 8:345-351 347 determine whether the rats responded with predictive behaviors based on their recall of the predictable sequences of holes. In addition, the mean RTs and their SDs in each sequence condition were analyzed and compared with the results of the ex-Gaussian analysis. A one-way repeatedmeasures ANOVA followed by Ryan's method for multiple comparisons was used for each estimated ex-Gaussian parameter, mean and SD. Figure 2a , b shows the averaged values of the estimated parameters, means and SDs in RT1 and RT2. For l and r in RT1, there was no significant difference between sequence conditions. For s in RT1, the main effect of sequence condition was significant (F (2,8) = 6.37, p \ 0.05) and the value of s for Mix-U significantly increased compared with that for Rep (Ryan's method: p \ 0.05) (Fig. 2a) . However, in contrast with l and r in RT1, the use of means and SDs in RT1 yielded a significant main effect of sequence condition (mean: F (2,8) = 17.27, p \ 0.01; SD: F (2,8) = 9.41, p \ 0.01). The means for Mix-U were significantly increased compared with those for Rep and Mix-P (Ryan's method: Rep vs. Mix-U, p \ 0.01; Mix-P vs. Mix-U, p \ 0.05), and the SDs for Mix-U were significantly increased compared with those for Rep (Ryan's method: p \ 0.01) (Fig. 2a) .
For l and r in RT2, the main effect of sequence condition was significant (l: F (2,8) = 40.05, p \ 0.001; r: F (2,8) = 64.01, p \ 0.001) and the values of l and r for Mix-U were significantly increased compared with those for Rep (Rep vs. Mix-U, l: p \ 0.01, r: p \ 0.01) and Mix-P (Mix-P vs. Mix-U, l: p \ 0.01, r: p \ 0.01), respectively (Fig. 2b) . For s in RT2, the main effect of sequence condition was significant (F (2,8) = 7.92, p \ 0.05), and the value of s for Rep were significantly decreased compared with those for Mix-P (Ryan's method: Rep vs. Mix-P, p \ 0.05) and Mix-U (Ryan's method: Rep vs. Mix-U, p \ 0.05), respectively (Fig. 2b) . Similarly to l and r in RT2, the use of means and SDs in RT2 yielded a significant main effect of sequence condition (mean: F (2,8) = 68.53, p \ 0.001; SD: F (2,8) = 89.02, p \ 0.001). The means and SDs for Mix-U were significantly increased compared with those for Rep (Ryan's method: mean: Rep vs. Mix-U, p \ 0.01; SD: Rep vs. Mix-U, p \ 0.01) and Mix-P (Ryan's method: mean: Mix-P vs. Mix-U, p \ 0.01; SD: Mix-P vs. Mix-U, p \ 0.01) (Fig. 2b) . However, in contrast with l and r in RT2, the means and SDs for Mix-P were significantly increased compared with those for Rep (Ryan's method: mean: p \ 0.05; SD: p \ 0.01) (Fig. 2b) . Figure 2c shows the percents of errors (ER), TER and HER for Mix-P and Mix-U in the mixed sessions. A two-way ANOVA followed by Ryan's method for multiple comparisons was used for the analysis of errors. The main effect of sequence condition was significant (F (1,8) = 14.81, p \ 0.05), Fig. 2 Predictive responses on the basis of the recall of predictable sequences of holes. Estimated l, r, s parameters, means and SDs averaged over subjects in each sequence condition in RT1 (a) and RT2 (b). Error bars represent ± SD. Asterisks indicate significant differences (*p \ 0.05, **p \ 0.01) as assessed by multiple comparisons (Ryan's method). Rep: the repetition session, Mix-P: the predictable sequence in the mixed session, Mix-U: the unpredictable sequence in the mixed session. c Percent error (ER), time error (TER) and hold error (HER) for the predictable (P) and unpredictable (U) sequences in the mixed sessions. Error bars represent ± SD. Asterisks indicate significant differences (***p \ 0.001), as assessed by simple main effect test of sequence condition and was qualified by a significant interaction between sequence condition and error condition (F (2,8) = 13.21, p \ 0.01). The simple main effect of sequence condition for ER were significant (F (1,12) = 39.60, p \ 0.001). The simple main effect of error condition for the Mix-U was significant (F (2,16) = 9.95, p \ 0.01). Multiple comparisons indicated significant differences between ER and TER and between ER and HER (ER vs. TER: p \ 0.01, ER vs. HER: p \ 0.01).
Next, we examined whether the rats responded predictively to the Overlap-U sequence of holes. The second half of 3-2-4/3-4-2 (i.e., 2-4/4-2) in Overlap-U was compared with the first half of Mix-P, and the second half of 3-4-1/3-2-5 (i.e., 4-1/2-5) in Overlap-U was compared with the second half of Mix-P. Figure 3a , b shows the cumulative distribution curves, which consist of data averaged by Vincent averaging over subjects and the best fitting exGaussian curves. Both 2-4/4-2 and 4-1/2-5 distributions showed significant differences between Overlap-U and Mix-P (Fig. 3a, b , Kolmogorov-Smirnov test, 2-4/4-2: p \ 0.05, 4-1/2-5: p \ 0.001). Figure 3c, d shows the estimated parameters of the ex-Gaussian curves shown in Fig. 3a, b . Similar to the results in Fig. 2b , the l and r values for Mix-P were decreased compared with those for Overlap-U, and the s value was almost the same for Mix-P and Overlap-U in both 2-4/4-2 (c) and 4-1/2-5 (d) distributions.
Discussion
We found no significant difference in l and r between Rep and Mix-P in RT1 and RT2. This result indicates that the rats responded predictively to Mix-P because the Gaussian part of the RT distributions of Rep and Mix-P in RT1 and RT2 were similar. In addition, we found no significant difference in l and r between Mix-U and the other two sequence conditions in RT1. This result can be attributed mainly to a position bias in the second responses to Mix-U in three rats (rats 3, 16, and 23), and does not mean predictive responses to unpredictable sequences. Although there were significant differences in mean and SD between Rep and Mix-U in RT1, and between Rep and Mix-P in RT2, the exponential part of RT distributions may have misled these significant differences. In fact, we found a significant difference in s between Rep and Mix-U in RT1, and between Rep and Mix-P in RT2. Moreover, the finding that the l and r values for Mix-U in RT2 were significantly increased compared with those for Rep and Mix-P indicates that the rats did not respond predictively to Mix-U in RT2. In addition, the finding that the rats responded more accurately to Mix-P than they responded to Mix-U indicates that the rats responded predictively to Mix-P. Furthermore, the RT distribution of Overlap-U was significantly different from that of Mix-P, and the RTs of Fig. 3 Discrimination between Mix-P and Overlap-U. Cumulative distributions of RTs and the best fitting ex-Gaussian curves for the first half (a) and second half (b) of the predictable sequences in the mixed sessions (Mix-P) and unpredictable sequences that have partially the same holes as the predictable sequences [Overlap-U: 2-4 and 4-2 of 3-2-4 and 3-4-2 (a), 4-1 and 2-5 of 3-4-1 and 3-2-5 (b)]. Note that these RTs were averaged by Vincent averaging over subjects. Estimated l, r, and s parameters of the best fitting exGaussian curves for the cumulative distributions of 2-4/ 4-2 (c) and 4-1/2-5 (d) in the Mix-P and Overlap-U Overlap-U were distributed to the slower side compared with those of Mix-P. Therefore, the rats did not predict the exact positions of the next illuminated holes for Overlap-U and discriminated Mix-P from Overlap-U.
There was no significant difference in s between Mix-P and Mix-U, whereas there were significant differences in this parameter between Rep and the other two sequence conditions in RT2. Therefore, the s value may reflect the effect of changing the sequence of holes presented at each trial, rather than that of predictability. In humans, taskswitch costs (performance deterioration) are observed when one of two tasks is presented at random on each trial as compared with when a task is repeatedly presented (Souza et al. 2012; Steinhauser and Hübner 2009) . Similarly, a list-switch cost is produced when a to-be-remembered list of digits is changed on each trial (Oberauer 2005) . The list-switch cost is also produced when the subjects are required to retrieve one of three well-learned lists presented at random (Souza et al. 2012) . Both taskand the list-switch costs are caused by a proactive effect; it is assumed that after a switch, responses are influenced by the trial immediately preceding the switch (Souza et al. 2012; Steinhauser and Hübner 2009) . A previous study reported that task-switch cost is reflected in the s parameter of the ex-Gaussian distribution (Steinhauser and Hübner 2009 ). Thus, it is possible that the significant differences in s between Rep and Mix-P in RT2 (Fig. 2b) reflect the listswitch cost in humans as reported by Souza et al. (2012) . This list-switch cost may be interpreted as the time cost for the retrieval of learned sequences from long-term memory (Oberauer 2005; Souza et al. 2012) . Thus, the RT distribution analysis using an ex-Gaussian function enabled us to determine the relation between the ex-Gaussian parameters and cognitive functions. Moreover, analysis performed using mean RTs could be misleading.
In summary, the present study not only showed that the rats recalled predictable sequences of holes when they came across the first stimulus of those sequences but also that they discriminated between predictable and unpredictable sequences upon sequence recall. These means that predictive responses were triggered by the position of the first illuminated hole rather than only the position of illuminated holes, i.e., by integrating the position of the sequence with the position of the illuminated holes.
The present behavioral task was very similar to the ESLeT reported by Dunnett et al. (2012) . In the ESLeT, rats were required to perform five successive nose-poking periods, and the position of the first illuminated hole informed the rats on whether the following sequence was a predictable or unpredictable one, as in our task. However, the ESLeT was an implicit learning task for rats, similar to the human SRTT, to learn a predictable sequence. In contrast, the rats in our task learned two predictable sequences in the repetition session, and the repetition and mixed sessions were interleaved. Therefore, our task may not be an implicit learning task. Moreover, predictability could be reflected to a greater extent in the RTs in our task compared with the ESLeT because the rats were able to prepare to respond to the next illuminated holes during the nose-poking periods for 2 s during each trial. In fact, the differences in speed (especially in RT2) and accuracy between predictable and unpredictable sequences were apparent in the present task. Therefore, the RTs observed in our behavioral task may reflect a more habitual behavior or more explicit recall of sequences than those observed in the ESLeT. In addition, our previous study reported episodedependent neuronal activity in the hippocampus during the nose-poking period for 1 s in the delayed spatial alternation task (Takahashi et al. 2009 ). Therefore, the nose-poking periods in our behavioral task may be useful to investigate neuronal activity related to information processing of internal and external events, including sequences.
Using this behavioral task, we can now investigate the neuronal mechanism that mediate the recall of sequences by recording neuronal activity from the hippocampus of rats performing the task because the hippocampus is believed to be critical for integrating information and for associative learning (Rawlins 1985; Wallenstein et al. 1998) . However, the present behavioral task may be striatum-dependent rather than hippocampus-dependent because overtraining has been shown to decrease the hippocampal contribution and instead increase the striatal contribution (Schendan et al. 2003; Packard and Knowlton 2002; Poldrack et al. 2001) . Nevertheless, a previous study reported hippocampal activity in an early sequence acquisition stage as well as during a later stage with stabilized learning effect (Gheysen et al. 2010 ) and another study reported that hippocampal activity increased more during the period of recall of learned sequences than during the period of sequence learning (Ross et al. 2009 ). Moreover, a study with rats reported a role for the hippocampus in the discrimination of overlapping sequences of odors even after extensive training . These studies suggest that the hippocampus may play a role for the recall of learned sequences and the discrimination of overlapping sequences even after sufficient learning. In future work, it will be necessary to investigate whether behavior in this task is hippocampal or striatum dependent using pharmacological and/or lesion experiments, and to investigate the neuronal mechanisms of the hippocampal and striatum memory systems that are used for the recall of learned sequences.
Various brain regions, for example, prefrontal cortex, parietal cortex, premotor cortex, cerebellum and the supplementary motor area (Rauch et al. 1997; Willingham et al. 2002) as well as the hippocampus and striatum have been implicated in sequence learning. Thus, these regions as well as the hippocampus could be involved in the recall of learned sequences when part of the sequence is presented (Ross et al. 2009 ). Therefore, this behavioral task could also be useful to study neuronal networks for the recall of learned sequences by simultaneously recording neuronal activity from several regions.
